INTRODUCTION
In photosynthetic organisms ROS (reactive oxygen species) constitute a natural by-product of the oxygenic metabolism and are now recognized as key signalling molecules [1] . ROS production can also increase under stress conditions and trigger adaptive responses while altering the redox state of the cell [2] . Different types of redox modifications of protein thiols are involved in ROS-mediated signalling pathways [3] . Oxidizing conditions can induce the formation of intra-or inter-molecular disulfide bridges between pairs of cysteine residues belonging to the same or different polypeptides. In plant cells these thiol/disulfide equilibria appear to be chiefly controlled by an array of Trx (thioredoxin) isoforms that are expressed in virtually every cell compartment [4, 5] . In chloroplasts, the redox state of Trxs depends on the activity of photosystem I via ferredoxin:Trx reductase, whereas in other cell compartments, including the cytosol, NADPH-dependent Trx reductases play an analogous role [4] . Single cysteine residues may also be redox-modified in other ways, for instance S-nitrosylated by physiological NO donors such as GSNO (S-nitrosoglutathione) [6] , or oxidized by H 2 O 2 or other ROS [3] . Primary oxidation of protein thiols by H 2 O 2 is reversible and leads to sulfenic acids (SOH), but can be followed by further irreversible oxidations to sulfinic and sulfonic forms (SO 2 H and SO 3 H respectively) [3, 7] . Little is known about the stability of protein sulphenates in vivo, but recently an atypical plant Trx (CDSP32) was shown to reduce in vitro the sulfenic acid formed on the catalytic cysteine residue of methionine sulfoxide reductase B1 after reaction with its substrate (methionine sulfoxide) [8] . Glutathionylation is another major modification of protein thiols and consists of the formation of a mixed disulfide with glutathione, often resulting from the reaction of cysteine sulphenates with GSH (reduced glutathione) [3, 9] . Glutathionylated proteins are commonly reduced back by particular Grxs (glutaredoxins) in a GSH-dependent catalytic cycle [3, 10, 11] . Although protein glutathionylation also occurs under basal conditions [3] , it is particularly promoted in response to oxidative stress conditions and can act as a mechanism of protection against irreversible oxidation of sensitive protein thiols, but also has a role in modulating protein-specific functions [3, 12] .
Trxs and Grxs are small oxidoreductases sharing the same overall tridimensional structure and a similar sequence motif in the active site, WC[G/P]PC and CXX[C/S] respectively. The Trx family in land plants contains at least 20 members divided into seven different classes (h, o, f, m, x, y and z), each of them containing one or more isoforms [4, 5, 13] . The Grx family is composed of approximately 30 members in land plants and is divided into three classes, presenting different active-site motifs and often showing peculiar functional properties [3, 12] . In plants, the ability to function as deglutathionylating enzymes appears specific to Grxs belonging to class I (or CPYC-type) with the notable exception of class II (or CGFS-type) Grx3 from Chlamydomonas reinhardtii [14] [15] [16] [17] [18] .
It is well established that plant Trxs have a prominent role in the redox regulation of a large number of proteins via dithiol/disulfide exchange reactions [4, 5] . This function probably reflects their specificity towards intra-and inter-protein disulfide bonds and strictly requires both active-site cysteine residues. However, studies proposed Trx as a catalyst of protein denitrosylation in human cells [19] and of protein deglutathionylation in Saccharomyces cerevisiae [20, 21] and in Plasmodium falciparum [22] . To date, no data are available for plant Trxs.
In previous years, several studies adopted diverse methods which aimed at identifying proteins undergoing glutathionylation in photosynthetic organisms both in vivo and in vitro [23] [24] [25] [26] . These proteomic approaches allowed the identification of more than 200 targets implicated in numerous cell processes, including glycolysis. Among the putative targets involved in the glycolytic pathway, the two cytosolic isozymes of phosphorylating GAPDH (glyceraldehyde-3-phosphate dehydrogenase), GapC1 and GapC2, have been identified as glutathionylated proteins following an oxidative treatment [24] . In another study, cytosolic GAPDH from Arabidopsis was detected as the prominent target of H 2 O 2 -dependent oxidation in protein extracts and total NADHdependent GAPDH activity was inhibited by H 2 O 2 and recovered by either GSH or DTT (dithiothreitol) [27] . More recently, cytosolic GAPDH isozymes were inactivated by GSSG (oxidized glutathione) or H 2 O 2 plus GSH, but recovery with DTT was only partial [28] . Chloroplast GAPDH isoform A 4 (GapA), which has different specificity for pyridine nucleotides and is involved in the Calvin-Benson cycle, is also oxidized by H 2 O 2 and glutathionylated [29] .
GAPDH was also identified as a target of glutathionylation in non-photosynthetic organisms including yeast and human [30] [31] [32] . Interestingly, in animal cells glycolytic GAPDH fulfils several functions unrelated to glycolysis [33] . This functional versatility is largely based on diverse posttranslational modifications (phosphorylation, acetylation and redox modifications of thiols) that deeply affect the behaviour of the protein. The enzymatic activity of GAPDH strictly depends on a single catalytic cysteine residue, and oxidative modifications of this catalytic cysteine, including glutathionylation, not only inhibit enzyme activity, but also influence its alternative functions, including protection of telomeric DNA, regulation of gene expression and induction of apoptosis under stress conditions [33] . The possibility that different types of redox regulation, particularly nitrosylation, may also trigger nonglycolytic functions of plant GAPDH has been widely speculated, but awaits experimental support.
In the present study, we have cloned, recombinantly expressed and purified one of the two phosphorylating cytosolic GAPDH isozymes (GapC1) from Arabidopsis thaliana. As expected, GapC1 is strictly specific for NADH and Cys 149 is essential for catalysis. Although catalytic cysteine is the 155th residue of Arabidopsis GapC1, in the present study it is named Cys 149 for congruence with the first solved GAPDH structure (from Bacillus stearothermophilus, PDB code 2DBV; [34] 
EXPERIMENTAL

Materials and enzymes
PD-10 and NAP-5 columns were obtained from GE Healthcare. Biotin (EZ-link Sulfo-NHS-Biotin) and DTNB [5,5 -dithiobis-(2-nitrobenzoic acid)] were purchased from Pierce. GSH and GSSG were purchased from either Roche Diagnostics or Sigma-Aldrich. All of the other chemicals were obtained from Sigma-Aldrich.
GR (glutathione reductase) and 3-phosphoglycerate kinase from S. cerevisiae and thrombin protease were purchased from Sigma-Aldrich. Recombinant wild-type Trxh1 and its active-site mutants (Trxh1-C36S and Trxh1-C39S) from C. reinhardtii were prepared as described previously [35] . Recombinant NTRb from A. thaliana was purified as described previously [36] . Poplar recombinant h-type Trxs (isoform h1, h2, h3 and h5) and GrxC1 (wild-type and active-site mutants GrxC1-C31S and GrxC1-C34S) were expressed and purified as described previously [37] [38] [39] .
Cloning and site-directed mutagenesis
The sequence encoding the cytosolic form of GAPDH from A. thaliana [GapC1 cDNA At3g04120 provided by TAIR (The Arabidopsis Information Resource) Stanford, CA, U.S.A.] was cloned into pET-28a( + ) (Novagen) using the following two primers: 5 -TCCATATGGCTGACAAGAAGATTAGC-3 and 5 -GCGGATCCTTAGGCCTTTGACATGTCGACG-3 (NdeI and BamHI restriction sites underlined respectively). In the pET28/GapC1 construct, the cDNA sequence for GapC1 was in frame with an N-terminal His tag and a cleavable thrombin site.
The two cysteine residues in GapC1 at positions 149 and 153 were mutated into serines by PCR site-directed mutagenesis using the pET-28a/GapC1 as a template. The following pairs of primers were used according to the procedures of the QuikChange site-directed mutagenesis kit (Stratagene): C149S-up, 5 -TC-TCCAACGCTAGCTCCACCACTAACTGCC-3 ; C149S-down, 5 -GCAGTTACTGGTGGAGCTAGAGTTGGAGAC-3 ; C153S-up, 5 -GCTGCACCACTAACTCCCTTGCTCCCCTTGC-3 ; and C153S-down, 5 -CAAGGGGAGCAAGGGACTTAGTGGTG-CAGC-3 (the codons encoding the mutated amino acids are underlined). All of the mutations were confirmed by DNA sequencing.
Expression and purification of recombinant proteins
For protein production, the Escherichia coli BL21(DE3) strain was chemically transformed with the different recombinant vectors allowing expression of GapC1 and its mutants GapC1-C149S (C149S) and GapC1-C153S (C153S). Ampicillinresistant clones were amplified in LB (Luria-Bertani) medium supplemented with 50 μg/ml kanamycin at 37
• C. Protein expression was induced at exponential phase by adding 100 μM IPTG (isopropyl-β-D-thiogalactopyranoside) for 16 h at 30
• C. The cultures were then centrifuged (4400 g for 15 min at 5
• C) and the resulting pellets were resuspended in 20 mM Tris/HCl buffer (pH 7.9), 150 mM NaCl, 5 mM imidazole and 0.14 mM NAD + . Cell lysis was performed by sonication (5×1 min with intervals of 1 min) using a Branson Sonifier 450 apparatus (pulse intervals • C. For some sample proteins, the N-terminal His tag was removed by thrombin protease as described previously [41] . The excised His tag was eliminated by metal-affinity chromatography and the resulting proteins were desalted and stored as described above. However, the activity of recombinant GapC1 was not affected by the His tag (Table 1) and we could not observe any functional difference between Histagged GapC1 and GapC1 preparations in which the His tag was removed.
Activity assay
GapC1 activity was monitored spectrophotometrically at 340 nm and 25
• C by following the forward (glycolytic) or reverse (gluconeogenic) reaction assays. The reverse reaction was measured in an assay mixture containing 50 mM Tris/HCl (pH 7.5), 1 mM EDTA, 5 mM MgCl 2 , 3 mM 3-phosphoglycerate, 5 units/ml of S. cerevisiae 3-phosphoglycerate kinase, 2 mM ATP and 0.2 mM NADH, whereas the forward reaction was measured in an assay mixture containing 50 mM Tris/HCl (pH 7.5), 1 mM G3P (glyceraldehyde 3-phosphate), 1 mM NAD + and 10 mM sodium arsenate. The forward assay used sodium arsenate instead of phosphate as a co-substrate to form unstable 1-arseno,3-phosphoglycerate. Degradation of the product allows a favourable equilibrium for measuring the rate of GAPDH activity in the forward direction.
Reduction of GapC1 and determination of free thiol groups
Before each treatment, wild-type GapC1 and its cysteine variants were incubated with 10 mM DTT for 30 min at room temperature (25 • C) for reduction. DTT was subsequently removed by desalting on NAP-5 columns equilibrated with 50 mM BisTris buffer (pH 7.0). The number of free thiols was determined spectrophotometrically with DTNB, as described previously [42] .
Inactivation of GapC1 by alkylating treatments
Reduced GapC1 (2.0 μM or 78 μg/ml final concentration) was incubated in 50 mM sodium citrate (pH 5.0) or in 50 mM Bis-Tris (pH 7.0) or in 50 mM glycine (pH 9.0) in the presence of 0.2 mM NEM (N-ethylmaleimide) or IAM (iodoacetamide). All of the reaction mixtures contained 0.14 mM NAD + . At the indicated time, an aliquot of the sample (5 μl) was withdrawn for the assay of enzyme activity.
Determination of the pK a value of the catalytic cysteine residue of GapC1
The pH-dependence of the inactivation of GapC1 by IAM was carried out by following a procedure described in a previous study [18] . Briefly, the reduced protein (2 μM) was incubated with or without IAM (0.2 mM) for 20 min in different buffers with a pH range from 4 to 10. After incubation, GapC1 activity was determined as just described. The residual activity expressed as a percentage of maximal activity was plotted against pH, and the pK a value was calculated by fitting the experimental data to a derivation of Henderson-Hasselbalch equation as described previously [18] .
Inactivation of GapC1 by oxidant treatments
Reduced GapC1 (2.5 μM or 97 μg/ml final concentration) was incubated in 50 mM Bis-Tris buffer (pH 7.0) supplemented with 0.14 mM NAD + in the presence of different concentrations of GSSG, H 2 O 2 or H 2 O 2 plus GSH at the indicated concentrations. At the indicated times, an aliquot of the sample (5 μl) was withdrawn for the assay of enzyme activity. Substrate protection was performed by pre-incubating (5 min) the protein in the presence of a BPGA (1,3-bisphosphoglycerate)-generating system (3 mM 3-phosphoglycerate, 5 units/ml of 3-phosphoglycerate kinase and 2 mM ATP) or in the presence of 1 mM G3P. The reversibility of GapC1 inactivation (10 min incubation with 50 μM H 2 O 2 alone or in the presence of 0.5 mM GSH) was assessed by measuring GapC1 activity after incubation for 10 min in the presence of 20 mM DTT.
Synthesis of biotinylated glutathione
BioGSH (biotinylated GSH) was prepared as follows. EZ-Link Sulfo-NHS-Biotin, a soluble biotinylation reagent, was used to couple biotin to the primary amino group of GSH. The biotinylation reagent (300 μl, 25 mM) was added to GSH (300 μl, 25 mM) in 50 mM potassium phosphate buffer, pH 7.2, and the mixture was left to derivatize for 1 h at room temperature. After incubation, unreacted biotin was quenched by adding 83 μl of 0.6 M ammonium bicarbonate buffer. The concentration of BioGSH was determined spectrophotometrically with DTNB using a molar extinction coefficient at 412 nm of 14 150 M −1 ·cm
to calculate the free thiol content of BioGSH.
In vitro glutathionylation of GapC1 and C153S mutant using BioGSH
Reduced proteins were incubated in 50 mM Tris/HCl (pH 7.9) and 0.14 mM NAD + in the presence of 0.5 mM BioGSH alone or supplemented with 50 μM H 2 O 2 . After a 1 h incubation, BioGSH-treated samples were alkylated in the presence of 100 mM IAM or treated with 20 mM DTT for 30 min to assess the reversibility of the reaction. All of the treatments were performed at room temperature. Proteins were then loaded on to nonreducing SDS/PAGE and analysed by Western blotting using a primary mouse anti-biotin antibody (1:5000 dilution; Sigma) and an anti-mouse secondary antibody coupled to peroxidase (1:10 000 dilution; Sigma). Signals were visualized by enhanced chemiluminescence, as described previously [42] .
MALDI-TOF (matrix-assisted laser-desorption ionization-time-of-flight) MS
Wild-type GapC1 and GapC1-C149S mutant were treated for 30 min with 50 μM H 2 O 2 in the presence of 0.5 mM GSH to induce glutathionylation. The MALDI-TOF mass spectrometry analyses were performed before and after incubation with 20 mM DTT for 30 min. The samples were analysed as described in [43] .
Reactivation of glutathionylated GapC1
Glutathionylated GapC1 was prepared by incubating the enzyme for 20 min in the presence of 50 μM H 2 O 2 and 0.5 mM GSH at room temperature and then desalted on a NAP-5 column equilibrated with 50 mM Tris/HCl (pH 7.5) and 1 mM EDTA. Reactivation treatments of glutathionylated GapC1 were performed as reported previously [14, 15, 42] . Briefly, the reaction mixtures contained GapC1 and BPGA in the presence of 20 mM DTT or in the presence of 0.5 mM DTT supplemented with different Trx or Grx isoforms at the indicated concentrations. The reactivation of GapC1 was also carried out in the presence of Grx isoforms supplemented with a GRS (GSH reducing system; 2 mM GSH, 6 μg/ml yeast GR and 0.2 mM NADPH) or in the presence of Trx isoforms supplemented with 0.22 μM A. thaliana NTRb and 0.2 mM NADPH. Control samples were analysed under similar conditions by omitting Trxs or Grxs. At the indicated times, aliquots (5 μl) were withdrawn in order to assay enzyme activity.
In order to investigate the molecular mechanism involved in Trx-dependent deglutathionylation of GapC1, the reactivation of glutathionylated GapC1 was performed by incubating the enzyme in the presence of different amounts of pre-reduced Chlamydomonas Trxh1 and variants Trxh1-C36S and Trxh1-C39S. Wild-type Trxh1 and its variants were reduced in the presence of 5 mM DTT and desalted on NAP-5 columns equilibrated with 50 mM Tris/HCl (pH 7.5) and 1 mM EDTA. After different times of incubation, the reaction samples were either assayed for enzymatic activity or treated with 20 mM NEM and analysed by non-reducing SDS/PAGE.
Replicates
All of the results reported are representative of at least three independent experiments and expressed as means + − S.D.
RESULTS
Catalytically essential Cys
149 is the only solvent exposed cysteine residue of GapC1
In A. thaliana, cytosolic phosphorylating GAPDH is represented by two isozymes, namely GapC1 (locus At3g04120) and GapC2 (locus At1g13440). Although microarray data reveal obvious differences in the expression of these two genes (www.genevestigator.com), the sequence alignment indicates that GapC1 and GapC2 are 98 % identical at the protein level, and Figure S1) , and a specific activity (reverse direction) of 55 μmol·min -1 ·mg -1 with NADH as a coenzyme (Table 1) , whereas the activity with NADPH was negligible (0.15 % of the NADH-dependent specific activity). In order to check the importance of catalytic Cys 149 in GapC1, and to test the possible role for Cys 153 , site-specific mutants C149S and C153S were generated. In terms of specific activity, the C153S mutant behaved like the wild-type enzyme, whereas the C149S variant was found to be virtually inactive ( Table 1 ). The lack of activity of the C149S mutant is in full agreement with current models of GAPDH catalysis which imply the acylation of the thiolate Cys 149 by the substrate as an essential step of the catalytic cycle [44] . On the other hand, Cys 153 has apparently no role in catalysis, in spite of the proximity in space with catalytic Cys 149 . Cys 149 and Cys 153 are the only two cysteine residues of the GapC1 (and GapC2) sequence (Supplementary Figure S2) . Following extensive reduction of the protein, the accessibility of cysteines to the thiol reactant DTNB was determined under non-denaturing conditions. A single accessible thiol was found in both the wild-type and C153S proteins, whereas the C149S mutant had none (0.13 + − 0.03) ( Table 1) . That Cys 149 is both essential for catalysis and the only accessible cysteine of GapC1 is a property that can be exploited for further characterization of the protein.
Catalytic Cys 149 is an acidic cysteine
The alkylating agents NEM and IAM both cause rapid and complete inhibition of GapC1 activity ( Figures 1A and 1B) . Since IAM preferentially alkylates thiolates (-S − ) rather than protonated thiols (-SH) [18, 45] , the quantitative reaction between IAM and GapC1 was used to determine the pH-dependency of enzyme inhibition and thus derive a pK a value that could be attributed to catalytic Cys 149 . As expected, the inhibition of GapC1 activity after incubation with IAM at different pH values increased with increasing pH (i.e. increasing deprotonation of Cys 149 ). By plotting the residual activity against the pH, a sigmoidal titration curve was obtained allowing extrapolation of a pK a value of 5.65 + − 0.03 ( Figure 1C) . A comparable value was determined for B. stearothermophilus GAPDH [44] .
GapC1 is irreversibly inhibited by H 2 O 2 -dependent oxidation of Cys 149
From its solvent accessibility and acidic nature, catalytic Cys 149 might be sensitive to oxidative modifications in the presence of ROS, particularly H 2 O 2 , which is known to react with cysteine thiolates. Indeed, incubation of GapC1 with 50 μM H 2 O 2 caused a strong inhibition of enzyme activity (Figure 2A) . The presence of the substrates (BPGA in the reverse reaction and G3P in the forward reaction), which covalently bind to catalytic Cys 149 , allowed full protection of enzyme activity ( Figure 2B ), in agreement with Cys 149 being the target of H 2 O 2 modification. On the other hand, the cofactor NAD + , which was always present in our incubation medium, did not protect GapC1 from the attack of H 2 O 2 ( Figure 2A) . Reactions of H 2 O 2 with cysteine thiolates include a primary oxidation to sulfenates (-SO − ) that can be further irreversibly oxidized to sulfinates (-SO 2 − ) and sulfonates (-SO 3 − ). Among these oxidized forms, only sulfenates can be reduced back by DTT. In the case of GapC1, the inhibition caused by a 10 min incubation with 50 μM H 2 O 2 was largely irreversible as only 5 % of the total protein activity could be recovered by DTT ( Figure 2C ), suggesting that Cys 149 sulfenates were very unstable and rapidly converted into over-oxidized forms.
Glutathione prevents over-oxidation of GapC1 by H 2 O 2
We tested whether glutathionylation could protect GapC1 from over-oxidation. The activity of the enzyme was inhibited during incubation with H 2 O 2 (50 μM) and GSH (0.5 mM) (Figure 2A ).
The kinetics of inhibition was slightly slower compared with H 2 O 2 alone, probably because of the reaction of GSH with H 2 O 2 . Interestingly however, DTT could totally recover the activity of the enzyme inhibited by H 2 O 2 in the presence of GSH ( Figure 2C ), indicating a reversible modification of catalytic Cys 149 . A reasonable interpretation of this result is that GSH reacted with short-living Cys 149 sulfenates, generating a stable S-glutathionylated form that could be reduced back by DTT. By this mechanism, glutathionylation of GapC1 would thus prevent its over-oxidation.
Cytosolic GAPDH from Arabidopsis was already shown to be glutathionylated by GSSG, but this effect was only observed in the absence of cofactor (NAD + ) [28] . In the present study,
Figure 3 MALDI-TOF MS analysis
Mass spectra of wild-type GapC1 (GapC1 WT) (A) and C149S mutant (B) treated with 50 μM H 2 O 2 and 0.5 mM GSH for 30 min at room temperature were performed before and after a treatment in the presence of 20 mM DTT (30 min). The peaks labelled 'matrix adducts' correspond to GAPDH with a sinapinic acid adduct. The differences between mass peaks of unmodified GapC1 WT before (38 962.4 Da) and after DTT treatment (38 947.3 Da) are within the experimental error (0.1 %) of the instrument.
we also observed that GapC1 was inhibited by GSSG, but only when NAD + was omitted from the incubation medium (results not shown). Bound NAD + could apparently protect Cys 149 from the attack of bulky GSSG, but could not protect Cys 149 from reacting with smaller molecules like H 2 O 2 and GSH ( Figure 2A ). The effect of GSSG on apo-GapC1 allowed estimation of the K ox (equilibrium constant for GapC1 glutathionylation) of the reaction of GapC1 with GSSG, i.e. the GSH/GSSG ratio at which 50 % of the protein is inactivated (i.e. glutathionylated). As compared with proteins that can be easily glutathionylated via thiol:disulfide exchange like the plastidial GrxS12 (K ox = 300; [18] ), the K ox of GapC1 was very low (0.3 + − 0.05). On the one hand, the reaction of GapC1 with GSSG is consistent with its possible glutathionylation, but on the other hand, it can be excluded that this reaction could have any significant role in vivo, since it requires GSH/GSSG ratios that are far lower than ever observed ( [11] and references therein).
GapC1 is glutathionylated on Cys 149 as demonstrated by MS analyses and by BioGSH treatment
The glutathionylation of GapC1 was confirmed by using two different experimental approaches, MALDI-TOF MS and immunodetection of BioGSH. MALDI-TOF analysis was carried out on GapC1 treated with 50 μM H 2 O 2 and 0.5 mM GSH. Under this condition, a clear shift of the enzyme mass of 306 Da was observed and could be reversed by DTT treatment ( Figure 3A) . This reversible mass increase is consistent with the formation of one glutathione adduct (theoretical mass shift of 305 Da) per GapC1 monomer.
Alternatively, GapC1 was incubated for 1 h with buffer or with 0.5 mM BioGSH or 50 μM H 2 O 2 or 0.5 mM BioGSH in the presence of 50 μM H 2 O 2 . Following incubation, samples were subjected to non-reducing SDS/PAGE and either stained for protein or immunoblotted with anti-biotin antibodies. No immunoreactive signal was detected when wild-type GapC1 was treated with buffer or H 2 O 2 , whereas a faint 40 kDa immunoreactive polypeptide was detected in the sample treated with BioGSH alone (Figure 4 ). However, a strong signal occurred when wild-type GapC1 was treated with BioGSH and H 2 O 2 , and this signal was strongly inhibited by BPGA (Figure 4 ), in agreement with the concept that BPGA, by covalently binding to Cys 149 , protects this residue from H 2 O 2 oxidation and subsequent glutathionylation. These results confirm that the mechanism of GapC1 glutathionylation is linked to sulfenate formation on Cys 149 . Finally, and in agreement with previous results (Figures 2 and 3) , the signal detected in the presence of H 2 O 2 and BioGSH was completely removed following treatment with DTT ( Figure 4 ). Both the MALDI-TOF and BioGSH methods establish that GapC1 is glutathionylated upon treatment with H 2 O 2 and GSH.
In order to firmly demonstrate that catalytic Cys 149 , and not Cys 153 , which is in close proximity to the active site, is the target of glutathionylation the C149S mutant was incubated in conditions similar to those used to induce the glutathionylation of wild-type GapC1 (Figure 3) . The MALDI-TOF analysis revealed no shift in the molecular mass of the protein (Figure 3B ), indicating that this mutant did not undergo glutathionylation. This was confirmed by incubation of the C149S mutant with H 2 O 2 and BioGSH since no biotin signal was detected by Western blot analysis (Figure 4) . Since mutant C149S was not glutathionylated, it is concluded that catalytic Cys 149 is the only target of glutathionylation in wild-type GapC1. Glutathionylation prevents over-oxidation and reversibly inhibits enzyme activity.
Grxs reactivate glutathionylated GapC1 through a monothiol mechanism
The ability of diverse plant Trxs and Grxs to reactivate glutathionylated GapC1 was investigated. Reactivation tests of glutathionylated GapC1 were conducted with a cytosolic glutaredoxin from poplar (PtGrxC1), previously demonstrated to be active in a HED (2-hydroxyethyl disulfide) assay, a classical test to determine deglutathionylating activity [39] . The t1 / 2 (half-time for reactivation) of glutathionylated GapC1 was approximately 5 min when incubated with PtGrxC1 in the presence of a GRS (GSH reducing system) in which GSH was kept fully reduced by NADPH and GR ( Figure 5 and Table 2 ). A control experiment was performed in the presence of GRS alone and no reactivation was detected, indicating that GSH alone could not perform deglutathionylation. PtGrxC1 belongs to class I Grxs (CPYC-type) and contains two cysteines (Cys 31 and Cys 34 ) in its active site. The monocysteinic PtGrxC1-C31S and PtGrxC1-C34S mutants were used as tools to investigate the mechanism of GapC1 deglutathionylation. The C31S mutant of PtGrxC1 was completely inactive, in contrast with the PtGrxC1-C34S mutant that catalysed GapC1 deglutathionylation more efficiently than wild-type PtGrxC1 ( Figure 5 and Table 2 ). These results are consistent with the monothiol mechanism with side reaction depicted in Figure 6 (A). The first step of this mechanism consists of the nucleophilic attack performed by Cys 31 of PtGrxC1 on the mixed disulfide of glutathionylated GapC1. This reaction releases a reduced, i.e. active, GapC1 and a glutathionylated PtGrxC1 intermediate (Cys 31 -SSG) ( Figure 6A ). In a second step, either GSH or Cys 34 (the second cysteine of the PtGrxC1 active site) removes the
Figure 5 Kinetics of reactivation of glutathionylated GapC1
(A) Glutathionylated GapC1 was incubated with a GSH-regenerating system alone (2 mM GSH, 0.2 mM NADPH and 6 μg/ml glutathione reductase; ᮀ) or in the presence of wild-type PtGrxC1 ( ) or PtGrxC1-C31S (᭢) or PtGrxC1-C34S (᭡). Aliquots of the incubation mixtures were withdrawn at the indicated time points and the remaining NADH-dependent activity was determined. glutathionyl moiety from Cys 31 -SSG. If this reaction is performed by GSH (the only possibility in mutant C34S), the reduced (active) glutaredoxin is rapidly regenerated and deglutathionylation of GapC1 can proceed faster. Alternatively, Cys 31 -SSG mixed disulfide may be attacked by Cys 34 , thus forming an intramolecular disulfide (Cys 31 -SS-Cys 34 , oxidized PtGrxC1). This side reaction can negatively affect the overall rate of deglutathionylation of the target as it requires a second GSH molecule for the regeneration of the reduced (active) glutaredoxin ( Figure 6A ). According to this model, wild-type PtGrxC1 was slower than mutant C34S in catalysing the deglutathionylation of GapC1.
Similar results were described previously for other class I (CPYC-type) Grxs such as mammalian Grx1 and Grx2, yeast Grx1, Arabidopsis GrxC5 [17, 45, 46] and Chlamydomonas Grx1 (results not shown).
A new role for Trxs as proteins involved in deglutathionylation reactions
In plants, Trxs have been shown to regulate a large number of proteins through thiol:disulfide exchange reactions [4, 5] , whereas no significant deglutathionylating activity was reported [14] . We thus tested the ability of different cytosolic h-type Trxs from both poplar and C. reinhardtii to catalyse GapC1 deglutathionylation. A first attempt performed with DTT as a reductant of Trxs gave contrasting results because of the fast chemical reduction of glutathionylated GapC1 by DTT alone (results not shown). However, by substituting DTT with a physiological reducing system composed of NADPH and A. thaliana NTRb, GapC1 was indeed reactivated by all of the h-type Trxs tested, although at slower rates compared with PtGrxC1 ( Figure 5B and Table 2 ). The best results were obtained with PtTrxh5 and PtTrxh1 from poplar, and CrTrxh1 from C. reinhardtii, which reactivated GapC1 with a t1 / 2 of 10-13 min at 10 μM, i.e. twice as long as that of PtGrxC1 at the same concentration (Table 2) .
To our knowledge, this is the first report of deglutathionylating activity performed by plant Trxs. Trxs contain two cysteine residues in their active site and the N-terminal one performs the nucleophilic attack on disulfides. In principle, the mechanism of Trx-mediated deglutathionylation could either involve an intermolecular disulfide intermediate between GapC1 and Trx, or a glutathionylated Trx intermediate, similar to the deglutathionylation mechanism catalysed by Grxs ( Figure 6B ). Both would be attacked by the C-terminal cysteine residue, resulting in the formation of oxidized Trx that is reduced back by NTR. In order to discriminate between these two possible mechanisms, we employed a Trx monocysteinic mutant lacking the C-terminal active-site cysteine (CrTrxh1-C39S). The mutant Trx was unable to reactivate glutathionylated GapC1 ( Figure 5C ), suggesting a mechanism involving formation of TrxGapC1 heterodimers ( Figure 6B) . However, such dimers could not be detected by non-reducing SDS/PAGE analysis of the products of the reaction (results not shown). The latter result would rather favour the alternative mechanism where Trx is glutathionylated. These conflicting results are probably linked to the inability of CrTrxh1-C39S to perform the nucleophilic attack on glutathionylated GapC1, thereby preventing a discrimination between the two possible mechanisms. Similarly, although two possible mechanisms have been proposed for Trx-catalysed denitrosylation, the exact mechanism remains to be determined [47] . Whatever the mechanism, both cysteine residues of the Trx active site are required to complete the deglutathionylation cycle with the mandatory involvement of NTR and NADPH. In this respect, Trxs are different from Grxs in that Trxs cannot perform monothiol deglutathionylation ( Figure 6 ).
DISCUSSION
A prominent property of GAPDH from many different organisms is its sensitivity to oxidation. Not surprisingly, different GAPDH isoforms were reported to be redox-modified in different ways, and several proteomic approaches which aimed at identifying redox-modified proteins under both physiological and stress conditions identified GAPDH as a target [22, 24, 26, 27, 32] . The catalytic mechanism of GAPDH requires a reactive cysteine residue that is covalently acylated by the substrate during the catalytic cycle [44] . The reactivity of Cys 149 is determined by the close proximity of a histidine (His 176 in the prototypical structure of B. stearothermophilus GAPDH [34] , and also in GapC1 of Arabidopsis in the present study) that, by attracting the thiol proton, increases the acidic nature of Cys 149 (Supplementary Figure S3 at In the present study we show that the catalytic activity of cytosolic GAPDH from Arabidopsis, similarly to other known GAPDHs, is fully dependent on an acidic cysteine residue (Cys 149 ) that is also the only accessible cysteine of the protein. In terms of pK a , the acidity of Cys 149 was found to be almost 3 pH units below that of free cysteine [7] . H 2 O 2 fully inhibits enzyme activity, causing a practically irreversible inactivation of the enzyme, since a large excess of DTT could not restore the activity. Irreversible oxidation is explained as a conversion of Cys 149 thiolate into overoxidized sulfinic (or sulfonic) forms, a reaction that would involve Cys 149 sulfenate (Cys 149 -SOH) as a labile intermediate. Sulfenic cysteines are the only oxidized forms that DTT can reduce back to thiols [3] .
Glutathione concentration in the cytosol of plant cells is in the millimolar range [48] and we show that GSH can efficiently prevent the over-oxidation of GapC1 by quantitatively reacting with sulfenic Cys 149 to form a mixed disulfide that can be reduced by physiological reductants, either glutaredoxins or thioredoxins. Thus glutathionylation of GapC1 can be considered both as a protective mechanism against irreversible oxidation and as a means to store inhibited GapC1 in a recoverable form. Both roles for glutathionylation can be envisioned within the framework of adaptation and recovery of plant cells to stress.
Cytosolic GAPDH may be a prominent target of oxidative stress in the cytosolic fraction of plant extracts [27] , and it has been shown to be glutathionylated under in vitro oxidizing conditions or under in vivo oxidative stress [24, 26] . Glutathionylation of cytosolic phosphorylating GAPDH may appear as a mechanism allowing down-regulation of the glycolytic pathway that might increase flux of glucose equivalents through the OPP (oxidative pentose phosphate) pathway leading to the generation of NADPH (Supplementary Figure S4 at http://www.BiochemJ.org/bj/445/bj4450337add.htm). Cytosolic glucose-6-phosphate dehydrogenase isoforms, which catalyse the first reaction of the OPP pathway, are indeed insensitive to oxidative modifications [49] . However, this possible downregulation of the glycolytic pathway may not be relevant in plant cytosol that also contains a non-phosphorylating GAPDH (GAPN) that can bypass the GapC-catalysed reaction [50] . GAPN belongs to the aldehyde dehydrogenase superfamily, and has no close functional/structural relationships with phosphorylating GAPDHs [51] . Compared with oxidation-sensitive GAPDHs, GAPN (Streptococcus GAPN at least) is highly resistant to H 2 O 2 inactivation [52] . GAPN catalyses an irreversible reaction that is NADP specific, whereas the reaction catalysed by GapC1 is reversible and specific for NAD(H). Interestingly, the activity of GAPN is increased up to 2-fold under oxidative stress conditions in either wheat or maize seedlings [53] . Although creating a bypass for the blocked glycolytic flux under oxidative stress, GAPN might thus provide an alternative source of NADPH for the antioxidant enzymes (Supplementary Figure S4) .
GR and Trx reductases are major antioxidant enzymes in the cytosol of plant cells. By keeping the glutathione pool reduced, GR provides the reductant for the efficient deglutathionylation of GapC1 via cytosolic glutaredoxins. Alternatively, as the capacity of GR may be limiting under oxidative stress conditions [2] , we show in the present study that GapC1 may be also recovered by a GSH-independent system, i.e. via cytosolic Trxh (Supplementary Figure S4) . This is the first report of a role of plant Trxs in protein deglutathionylation. A similar role was recently suggested in yeast, where Grxs may be less active than in other organisms for catalysing protein deglutathionylation [20] . Despite their structural and sequence similarities, plant Grxs and Trxs have peculiar biochemical features mainly linked to the type of disulfides they are able to target and to the molecular mechanism involved in their catalytic cycle [11] . The affinity of Grxs for glutathionylated proteins is well established [3, 11] . Additional experiments will clarify whether the capacity of h-type Trxs to catalyse GapC1 deglutathionylation may be extended to other combinations of targets and Trx types, thereby further sustaining the growing evidence for the possibility of functional overlap between the Grx and Trx systems in plant cells [3] .
In animal cells, it is clear that GAPDH redox modifications (which invariably inhibit enzyme activity and thus have an unavoidable effect on glycolysis) can also redirect the protein itself to new, completely unrelated, functions. Comprehensive data have demonstrated that animal GAPDH is involved in several cellular processes such as receptor-mediated signalling, intracellular membrane trafficking, maintenance of DNA integrity, transcriptional and post-transcriptional regulation, oxidative stress response and apoptosis [33] . Several of these functions involve the relocalization of GAPDH to the nucleus and are triggered or regulated by redox modifications of the catalytic cysteine. For instance, migration in the nucleus of cytosolic GAPDH upon oxidative stress may result in an apoptotic response and depend on the nitrosylation of a catalytic cysteine residue [54] , although this is by no means the only mechanism of nuclear localization of GAPDH [33] . Recently, a chimaeric GapC-GFP construct was shown to localize in the nucleus of transformed A. thaliana protoplasts, although these latter results might have been biased by the artificially strong expression provided by the 35S promoter [28] . The active site of mammalian GAPDH was also implicated in functional interactions with polynucleotides. For example, the active site of GAPDH can bind to the 3 -untranslated region of the mRNA of the endothelial vasoconstrictor ET-1 (endothelin 1), thereby promoting degradation of the messenger. Interestingly, glutathionylation of GAPDH by oxidative stress conditions inhibits binding and results in increased ET-1 protein levels and endothelial vasoconstriction [55] . The resulting increase in ET-1 protein level would facilitate its function as an endothelial vasoconstrictor. The similarity between animal and plant GAPDH active sites indeed suggests that GapC might also interact with polynucleotides in plant cells.
Overall, the complex interplay between Trxs, Grxs and posttranslational redox modifications that affect GAPDH and may modify its physiological role in plant cells, is only emerging. Efforts aimed at understanding these complex interconnections will hopefully clarify the specific functions and redundancies of the different components of the redox signalling network. Unravelling the importance of this cross-talk will certainly constitute a major challenge for future studies.
